We investigate the metallicity dependence of H I surface densities in star-forming regions along many lines of sight within 70 nearby galaxies, probing kpc to 50 pc scales. We employ H I, SFR, stellar mass, and metallicity (gradient) measurements from the literature, spanning a wide range (5 dex) in stellar and gas mass and (1.6 dex) in metallicity. We consider metallicities as observed, or rescaled to match the mass-metallicity relation determined for SDSS galaxies. At intermediate to high metallicities (0.3 − 2 times solar), we find that the H I surface densities saturate at sufficiently large total gas surface density. The maximal H I columns vary approximately inversely with metallicity, and show little variation with spatial resolution, galactocentric radius, or among galaxies. In the central parts of massive spiral galaxies the H I gas is depressed by factors ∼ 2. The observed behavior is naturally reproduced by metallicity dependent shielding theories for the H I-to-H 2 transitions in star-forming galaxies. We show that the inverse scaling of the maximal H I columns with metallicity suggests that the area filling fraction of atomic-molecular complexes in galaxies is of order unity, and weakly dependent on metallicity.
INTRODUCTION
The atomic-to-molecular hydrogen (H I-to-H 2 ) transition is of fundamental importance for the evolution of the interstellar medium (ISM) and for star formation in galaxies. Stars form in cold dense clouds composed of molecular gas (see reviews by McKee & Ostriker 2007; Kennicutt & Evans 2012; Tan et al. 2014) . Observations have revealed the close small-scale connection between the dense gas mass and the star formation rate (SFR) in the Milky Way (Evans et al. 2014; Stephens et al. 2016; Shimajiri et al. 2017 ) and in local galaxies (Gao & Solomon 2004; Usero et al. 2015; Bigiel et al. 2016) . On large kpc-scales the SFR appears to correlate with the bulk molecular gas mass traced by CO emission (Bigiel et al. 2011; Schruba et al. 2011; Leroy et al. 2013b) . However, the ISM of (most) galaxies in the local universe is dominated by their H I reservoirs (Saintonge et al. 2011 ). The SFR per unit H I mass varies by orders of magnitude on galactic scales (Huang et al. 2012; Wang et al. Corresponding author: Andreas Schruba schruba@mpe.mpg.de 2017) and is entirely unrelated to star formation in the H 2 -dominated parts of spiral galaxies (Bigiel et al. 2011; Schruba et al. 2011) . Therefore, understanding how the H Ito-H 2 transition is related to local and global galactic properties, e.g., mass, morphology, and metallicity, is critical for predicting the dense gas fractions and SFRs of galaxies.
Observational studies of the ratio of molecular to atomic hydrogen mass surface densities, R mol ≡ Σ H2 /Σ H I , have focused on either the hydrostatic midplane pressure and thus on midplane volume density (Wong & Blitz 2002; Blitz & Rosolowsky 2006; Leroy et al. 2008) , or on total gas surface density and its variation with metallicity (Fumagalli et al. 2010; Schruba et al. 2011; Wong et al. 2013) . In theoretical models of the H I-to-H 2 transition, the H 2 formation on dust grains as well as dust attenuation of dissociating ultraviolet (UV) radiation scale with dust-to-gas ratio, and hence metallicity (Krumholz et al. 2009; Krumholz 2013; Sternberg et al. 2014; Bialy & Sternberg 2016) . Additional dependencies on volume density and radiation field strength also enter in the H 2 formation and dissociation processes.
Recently, highly resolved observations of H I and infrared emission by dust of molecular clouds in the Milky Way and the Magellanic Clouds found good agreement between observations and models based on dust-shielding (Wong et al. 2009; Bolatto et al. 2011; Lee et al. 2012 Lee et al. , 2015 Roman-Duval et al. 2014; Bialy et al. 2015 Bialy et al. , 2017 , but for a narrow range of metallicities. So far only a single study by Fumagalli et al. (2010) has focused on low metallicity galaxies. For a small sample of blue compact (star-bursting) dwarfs (BCDs), they argue that on scales < 100 pc, the chemical composition of the ISM is mostly sensitive to the gas surface density and metallicity rather than hydrostatic pressure. However, their study is also significantly limited by the small sample, heterogeneous data sets, and assumptions about the gas geometry within the telescope beam.
In this paper we study the metallicity dependence of the maximal H I surface densities at high spatial resolution (ranging from ∼1 kpc to ∼50 pc scales) in an unprecedented large sample of 70 nearby galaxies, providing data for 675, 000 lines of sight. For this purpose we compile publicly available observations of the atomic gas and tracers of the recent star formation rate, supplemented by a literature compilation of the metallicity, metallicity gradient, and stellar mass. We trace the molecular gas by inverting the Kennicutt-Schmidt relation which enables us to bypass the difficulty of detecting CO at low metallicity. Our main interest is in the observed H I columns of star-forming, molecular regions and we study how the H I columns saturate in increasingly gas-rich regions as a function of gas phase metallicity.
Our paper is structured as follows: In § 2 we discuss the literature data we have assembled for H I, SFR, metallicity, and stellar mass. We discuss how we rescale the metallicities using the SDSS mass-metallicity relation, and describe our methodology for extracting the H I surface densities as functions of total gas column and metallicity. In § 3 we present our main result, that the maximal H I surface density varies inversely with metallicity over a large dynamic range. In § 4 we discuss our results in the context of shielding-based theoretical models. We summarize our results in § 5.
2. DATA For our study, we compile H I and SFR surface density maps, using 21 cm observations ( § 2.1) and FUV and 24 µm photometry ( § 2.2). As we discuss further below ( § 2.3) we use the SFR to estimate the H 2 mass by inverting the Kennicutt-Schmidt relation. We have been able to collect such data for a sample of 70 nearby galaxies. We supplement these with estimates of the gas phase metallicity, metallicity gradient, stellar mass, distance, inclination, and position angle, all drawn from the literature. Figure 1 shows the global properties of our galaxy sample, and Table 1 lists these parameters with their literature references. We omit inclinations and position angles here, this information can be found in LEDA (Makarov et al. 2014 ). Our sample is restricted to galaxies that have H I data with linear resolutions better than 1 kpc, inclinations of less than 76 degrees, and which are not dominated by a (central) starburst. The exploited H I surveys preferentially target star-forming galaxies detected in the infrared but lack well defined selection criteria. We also require consistent metallicity measurements as we discuss below ( § 2.4).
Atomic Gas
The H I data are taken from the VLA surveys THINGS , LITTLE THINGS , VLA-ANGST , and a recent extension of THINGS for spiral galaxies also surveyed by Herschel (NGC 2798, 3049, 3190, 3938, 4236, 4321, 4536, 4594, 4625, 4725, 5474 ; to be presented by Leroy, Sandstrom, Schruba et al.) . The angular resolution is between 5.8−24.8 arcsec with a median of 11.7 arcsec. The linear resolutions correspond to 31−1085 pc with a median of 275 pc. We include the Local Group dwarf galaxy SagDIG with resolution of 31 arcsec ≈ 166 pc. The spectral resolution and sensitivity of all H I data sets are more than sufficient to construct integrated intensity maps to radii much larger than considered here. We use the standard optically thin conversion from velocity integrated H I surface brightness, T mb ∆v, to inclination corrected mass surface density,
, which includes a factor 1.36 to account for heavy elements (e.g., Walter et al. 2008 ).
Star Formation Tracers
We derive star formation rates (SFR) from the combination of GALEX FUV (1350−1750Å) and Spitzer 24 µm maps. The FUV data are taken by the GALEX Nearby Galaxy Survey (NGS; Gil de Paz et al. 2007 ) and the 24 µm data from the Spitzer SINGS and LVL surveys (Dale et al. 2009a,b) . We mask foreground stars via their UV color following Leroy et al. (2012) and subtract a constant background where necessary. The SFRs are derived as
−3 I 24 µm [MJy s with the calibration by Leroy et al. (2008, their Appendix D) .
Molecular Gas
We estimate molecular gas masses by inverting the Kennicutt-Schmidt relation, such that
where Σ H2 and Σ SFR are the molecular gas mass and SFR surface densities, and τ dep is the molecular depletion time.
We adopt a constant depletion time τ dep = 2 Gyr for all galaxies (e.g., Schruba et al. 2012 ). This value has been measured for massive galaxies with metallicities above half solar Figure 1 . Global properties of our galaxy sample showing stellar mass, total gas mass, star formation rate, and gas phase metallicity (from left to right). Metallicities have been rescaled to match the MZR by Andrews & Martini (2013, see text) .
using CO observations (with significant overlap in the galaxy sample used here; Bigiel et al. 2008 Bigiel et al. , 2011 Schruba et al. 2011; Leroy et al. 2013b ). The depletion time for low mass, low metallicity galaxies is less well known, and recent studies have either inferred shorter (e.g., Hunt et al. 2015; Amorín et al. 2016; Grossi et al. 2016; Jameson et al. 2016) or longer depletion times (Filho et al. 2016) . We therefore adopt the same τ dep = 2 Gyr for the low mass galaxies. Our use of the Kennicutt-Schmidt relation enables us to identify lines of sight with sufficient molecular columns to have undergone an H I-to-H 2 transition. As our main focus is on the maximal H I surface density and its dependence on metallicity, our results are weakly sensitive to the value of τ dep .
Metallicities
It is well known that gas phase metallicities 1 derived from different optical lines and using different calibrations can be subject to large systematic offsets and limitations in their dynamic range (Kewley & Ellison 2008 ). Here we attempt to compile metallicities and metallicity gradients from the literature with a high degree of internal consistency. We prefer metallicities derived with the direct, electron temperature based method (Pagel et al. 1992; Izotov et al. 2006) as available for half of our sample. Where not available (i.e., for most massive galaxies) we adopt measurements that use the R 23 strong line method using the PT05 calibration (Pilyugin & Thuan 2005 ) that accounts for metallicities derived using the direct method. For detailed discussion of metallicity calibrations we refer to Kewley & Ellison (2008) ; Moustakas et al. (2010) ; Andrews & Martini (2013) .
The left panel of Figure 2 shows our compiled metallicities versus galaxy stellar mass (grey points). These data are also listed in Table 1 together with their literature references. For massive spiral galaxies for which measurements of metallicity gradients are available, we adopt the 'characteristic' metallicity measured at galactocentric radii of 0.4 R 25 as the galaxy's 'average' metallicity ; which is roughly two times the effective radius 2 ; Pérez-Montero et al. 2016) . For low mass galaxies we adopt measurements averaged over the entire galaxy.
Our compilation suffers from the known fact that for high mass and high metallicity galaxies the R 23 strong line method and the PT05 calibration systematically underestimate the true metallicities by a factor of two (e.g., Kewley & Ellison 2008; Moustakas et al. 2010) . To remedy this bias, we employ the mass-metallicity relationship (MZR) given by Andrews & Martini (2013) to correct for the true location of strong line metallicities. Andrews & Martini stacked a large sample of SDSS spectra to obtain metallicities using the direct, electron temperature method for a large range of stellar mass: 3×10 7 −3×10 10 M ⊙ . They fitted their MZR with an asymptotic logarithmic formula (suggested by Moustakas et al. 2011) which is shown as the green line in the left panel of Figure 2 . The blue curve shows the median trend for our compiled strong line metallicities (light grey open circles). We rescale these strong line metallicities by shifting them upwards by the difference between the two curves 3 . These rescaled metallicities are shown by the dark grey open circles, and their shifts are listed in the last column of Table 1 . With this procedure our sample is then consistent with the Andrews & Martini mass-metallicity relation (obtained with a single metallicity method), while retaining the scatter (∼0.15 dex) in our original compilation. This scatter is similar to the scatter of SFR-binned data (∼0.05−0.10 dex) in the MZR of Andrews & Martini (2013, 2 As derived for the CALIFA galaxy sample with M⋆ ≈ 10 9 −10 11 M ⊙ . 3 The MZR by Andrews & Martini (2013) does not extend to the lowest and highest stellar masses in our sample. For low mass galaxies differences between direct and strong line metallicities are insignificant and no rescaling is required. For massive galaxies the MZR approaches an asymptotic value of 12 + log(O/H) = 8.8. Colored numbers mark the location of adopted metallicity bins in units of log 10 Z ′ . We complement these by measurements of the metallicity gradient from the literature (filled circles) and where not available we estimate the metallicity gradients (open circles; see text).
their Fig. 11 ), though their measurement (as it inherently is determined from stacked spectra) is a lower limit to the scatter among individual galaxies measured for our sample. The method of metallicity rescaling does not qualitatively affect our results and main conclusions (see
The right panel of Figure 2 shows radial metallicity gradients versus galaxy stellar mass. For 27 (massive) galaxies we were able to collect measurements of the metallicity gradients (filled points). For 6 massive galaxies we estimate the gradient by interpolating the measured gradients of the four galaxies closest in stellar mass (open points) and assign a conservative uncertainty of 0.2 dex, which equals the spread in measured metallicity gradients at high stellar mass. For the remaining 37 low mass galaxies (M ⋆ 3×10 8 M ⊙ ) we adopt a constant metallicity which is consistent with the finding of negligible gradients in late type, low mass galaxies . We find consistency between our metallicity gradients and determinations by the CALIFA and SAMI surveys (yellow and blue lines; Pérez-Montero et al. 2016; Belfiore et al. 2017) .
To compare observations and theoretical models we consider the so called 'Galactic concordance abundance' measured for 29 main sequence B stars in the solar neighborhood Fig. 11 ). We therefore conclude that the Milky Way metallicity and its gradient are consistent with the rescaled metallicities (dark grey points) that we adopt for our galaxy sample. Hereafter, we denote metallicities by Z ′ which are normalized to the solar neighborhood metallicity of 12 + log(O/H) = 8.76.
Methodology
For our sample of 70 galaxies we consider a total of 675,500 individual lines of sight (LOS). We extract our measurements at heterogeneous spatial resolution set by the angular resolution of the VLA H I data (5.8 ′′ −24.8 ′′ ). For each galaxy we convolve the SFR maps to the H I resolution. We sample these maps on a hexagonal grid with half-beam spacing resulting in an oversampling of four. For each LOS we extract the H I and H 2 surface densities and the metallicity, all across the disks of our galaxies. We also compute the local metallicity when adopting a metallicity gradient. We divide our sample into two bins of galactocentric radius of R gal = 0−2 kpc and 0−20 kpc, into nine bins of local metallicity centered at log 10 Z ′ = −1.4, −1.2, . . . , +0.2, and in 15 bins of total gas surface density of log 10 Σ H I+H2 = 0, 0.2, . . . , 3 M ⊙ pc −2 spaced by 0.2 dex. We exclude regions with Σ H I ≤ 1 M ⊙ pc −2 or R gal ≥ 2R 25 for which we do not expect any significant molecular gas reservoirs (Schruba et al. 2011) . For our radial range we basically include the entire SFR for each galaxy, and hence all of the molecular gas mass, by definition. The radial range also includes the majority of the atomic gas mass.
We bin our sample of individual LOS by galactocentric radius, metallicity, and total gas surface density. For each bin we calculate the mean H I surface density and the uncertainty in the mean. We determine the uncertainty in the mean using 100 Monte-Carlo realizations of our data that account for (a) measurement uncertainties in metallicities and their gradients (i.e., the spill over of individual galaxies or regions therein into neighboring metallicity bins), 4 and (b) sample variance via bootstrapping. These uncertainties are shown as error bars in Figures 3 -5. The scatter in H I surface densities among all LOS contributing to a data point (not shown) is ∼0.4 dex or ∼2 times the uncertainty in the mean. More importantly, the scatter is a factor ∼3 smaller than the systematic variation of the H I saturation with metallicity.
We verified that our binned measurements are insensitive to (a) the location of the bins, (b) individual galaxies with large angular extent or high resolution data, (c) heterogeneous versus fixed linear resolution, or (d) when a subset of galaxies with low inclination is chosen. We performed test (b) by down-weighting LOS in large galaxies or high resolution data to contribute equally in radial annuli of 1 kpc width.
To assess potential systematic biases in our results due to the adopted metallicity determination -we find them to be minor as can be seen comparing the three rows of panels in Figure 3 -we repeat our analysis for three different determinations: (a) global metallicities derived with either direct or strong line method as compiled from the literature (top row), (b) global metallicities where strong line values have been rescaled to match the MZR by Andrews & Martini (2013, middle row) , and (c) these rescaled metallicities where also metallicity gradients have been accounted for (bottom row). The first approach resembles previous studies with smaller statistics and coarser resolution. It leverages directly observed metallicities for our entire sample but suffers from limitations inherent to the strong line method: a limited dynamic range in metallicities of massive galaxies which inadvertently remain below the Milky Way metallicity. The second approach remedies this limitation by rescaling the strong line metallicities onto the MZR by Andrews & Martini (2013) and thus achieves a realistic dynamic range for global metallicities, but neglects genuine metallicity gradients. The latter approach also accounts for metallicity gradients which at least for massive spirals are significant (α(Z ′ ) ≈ −0.2 . . . −0.6 dex R −1 25 ). However, as described in § 2.4 and listed in Table 1 , measurements of metallicity gradients are only available for a subset (27/70) of our galaxies, so that we have to rely on estimates of the gradients for the remaining galaxies. We are rewarded by an increased and more realistic dynamic range for metallicities 4 Uncertainties in the H I data are small and do not affect our results. of individual lines of sight which, in particular, is important for the inner regions of massive galaxies. We deem these latter metallicities to be most realistic for our sample of galaxy-resolved measurements and concentrate our discussion on these determinations. For all three approaches, the H I saturation columns show a clear inverse dependence on metallicity.
3. RESULTS 3.1. Saturation of the H I Columns Figure 3 shows the mean H I surface density as a function of the total gas (H I + H 2 ) surface density (left column) and the maximal the H I surface density as function of metallicity (right column). We vary the metallicity determination between top, middle, and bottom row (see Section 2.5). The left panels show that at sufficiently small surface densities the H 2 contribution is negligible and the total gas surface density equals the H I surface density. As the total gas surface density increases the H I saturates due to H I-to-H 2 conversion, and the H 2 finally completely dominates the H I component. For massive spiral galaxies similar to the Milky Way (M ⋆ ∼ 6×10 10 M ⊙ and Z ′ ∼ 1), the H I saturates at Σ H I ≈ 10 M ⊙ pc −2 consistent with previous findings (e.g., Kennicutt 1998; Martin & Kennicutt 2001; Wong & Blitz 2002; Bigiel et al. 2008; Schruba et al. 2011; Wong et al. 2013; Yim & van der Hulst 2016 ).
The trend in the H I saturation curves with metallicity is only weakly affected by the adopted metallicity determination (comparing the panels in top, middle, and bottom rows in Figure 3 ). This is because the different metallicity determinations change the metallicity value of (massive) galaxies in a very uniform way but do not change the ordering as can be seen by the constant offset between the colored curves in Figures 2 & 3 . This changes the value of the metallicities, Z ′ , as referenced to the solar neighborhood metallicity but does not have a significant effect on the trend in the H I saturation as the metallicity changes (i.e., the differential in Z ′ ) which is our main result.
Moreover, we recapitulate that our results are insensitive to our methodology to estimate H 2 masses by inverting the Kennicutt-Schmidt relation (Eq. 1) and the adopted constant molecular gas depletion time of τ dep = 2 Gyr. If some metallicity regimes had a different τ dep value, then the horizontal extent of the H I saturation curves would be stretched or compressed, but importantly, the measured H I saturation value (i.e., vertical location) remains unaffected.
H I Saturation Values as Function of Z
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In the right panels of Figure 3 we plot the observed maximal H I surface density as a function of metallicity for the three metallicity determinations described above (from top to bottom). The H I saturation column varies inversely with Figure 3 . H I saturation as function of total gas mass surface density (left) and metallicity (right). We vary the metallicity measurementsdefining into which metallicity bin a line of sight falls -between global metallicities as compiled from the literature (top), those after strong line metallicities are rescaled to match SDSS direct temperature metallicities (middle), and those where in addition metallicity gradients are applied (bottom). Error bars show uncertainties due to sample variance and uncertainty in the metallicities and their gradients. metallicity. This is the key result of our paper. Each data point shows the mean H I surface density of all LOS with Σ H I+H2 ≥ 25 M ⊙ pc −2 within the respective metallicity bin. As before, error bars show the uncertainty in the mean. We robustly quantify the metallicity dependence with our large sample that probes the H I surface densities from galactic (∼1 kpc) scales down to cloud (∼50 pc) scales, and for a wide range of metallicities (Z ′ ≈ 0.05 − 2). For the Z ′ ≈ 0.3 − 2 range, Σ H I increases almost linearly with decreasing metallicity. Fitting a power law relationship 5 for this range to the data points using the rescaled metallicities including gradients (Figure 3, bottom row) , we obtain log 10 Σ H I = (−0.86 ± 0.19) log 10 Z ′ + (0.98 ± 0.04) (2) where Σ H I has units of M ⊙ pc −2 and Z ′ = 1 for the solar neighborhood metallicity. We test the robustness of this result by comparing the three metallicity determinations (top to bottom panels) as well as considering subsamples of galaxies that share metallicities determined with the same method and have observed metallicity gradients. We find their H I saturation curves to be qualitatively the same and their dependence on metallicity to agree within the uncertainties. Our finding that the H I surface densities increase with decreasing metallicities is consistent with studies of the Magellanic Clouds (Wong et al. 2009; Bolatto et al. 2011; Welty et al. 2012; Roman-Duval et al. 2014 ) and small samples of nearby dwarf galaxies (Bigiel et al. 2010; Fumagalli et al. 2010; Roychowdhury et al. 2011; Cormier et al. 2014; Filho et al. 2016 ). All these studies detected H I surface densities in excess of the canonical Σ H I ≈ 10 M ⊙ pc −2 found for massive, metal rich spiral galaxies (Bigiel et al. 2008; Schruba et al. 2011) .
For Z ′ 0.3 the H I surface densities seem to flatten at Σ H I ≈ 20−30 M ⊙ pc −2 . However, we note that for low metallicities, the saturation of the H I curves with Σ H I+H2 , as seen in the left panels of Fig. 3) , becomes less prominent. The measured Σ H I values are becoming more uncertain, and may represent lower limits to the true H I saturation values. This results from a lack of sight lines with large total gas surface densities, given our typical measurement scale of 200 pc (Jameson et al. 2016; Schruba et al. 2017) . Figure 4 shows results for LOS restricted to the inner 2 kpc of the galaxies and accounting for the metallicity gradients. The maximal H I surface densities are smaller at the highest metallicities compared to the bottom left panel of Figure 3 (see also Bigiel & Blitz 2012) . This indicates the possible role of additional parameters affecting the H I saturation at fixed metallicity, such as gas density and UV radiation field. , we convolve the (eligible subsamples of) data to fixed spatial resolutions of 100, 250, 500, 1000 pc (the dash-dotted lines of differed color saturation). We find that the H I saturation values are only weakly affected by spatial resolution -reflecting the limited range of volume densities of atomic gas and their high volume filling factor in galaxy disks (Heiles & Troland 2003; Leroy et al. 2013a ) -and that their variations are of comparable (small) magnitude as the uncertainties in the mean H I saturation values due to sample variance and metallicty (gradient) uncertainties (the error bars in Figures 3 -4) . Our results are therefore not biased by the heterogeneous linear resolution at which we perform our measurements.
DISCUSSION
The measurements presented in § 3 show that with increasing total gas columns, the H I column saturates, with maximal values scaling inversely with metallicity. Regions with active star formation (treated here to select regions with molecular gas) are also those regions where the H I columns reach the largest values in a galaxy (at fixed metallicity). The H 2 -dominated regions lie along the rightmost portions of the H I curves, where Σ H I+H2 25 M ⊙ pc −2 . At somewhat lower total gas columns the H I may still be in maximal shielding layers but with a subdominant molecular component. At still lower columns the gas is fully atomic along the sight lines.
The number of regions that are rich in molecular gas and where the H I saturates typically occupy only a small fraction of the galaxy's radial extent considered here (R gal ≤ 2 R 25 ). This implies that the significance of measurements of the H I-to-H 2 transition layers, and even more so of the Figure 5 . Diagnostic figure highlighting that the H I saturations measured at heterogeneous resolutions (solid lines) for the entire galaxy sample (for two representative metallicity bins) differ insignificantly when determined at various fixed spatial scales (dashdotted lines) for subsamples which meet the respective resolutions. molecular-atomic ratio, R mol , is diluted at low ( kpc) spatial resolution and in azimuthal profiles (such coarse measurement scales are typical for many studies of the Kennicutt-Schmidt relationship especially in dwarf galaxies; e.g., Elmegreen & Hunter 2015; Roychowdhury et al. 2017; Wang et al. 2017) . The importance of sufficient spatial resolution has also been emphasized by Fumagalli et al. (2010) . These authors compare observations of the H I saturation in dwarf galaxies on ∼kpc and on ∼100 pc scales to predictions by models based on UV shielding (Krumholz et al. 2009; Krumholz 2013; Sternberg et al. 2014) or midplane pressure (Wong & Blitz 2002; Blitz & Rosolowsky 2006) . While on kpc-scales both classes of models agree well with the observations, only the shielding-based models are consistent with the observations on 100 pc scales.
Shielding-based Theories
Here we discuss predictions of the shielding-based analytic theory by Sternberg et al. (2014, hereafter S14), we generalize the theory to account for the effects of beam dilution and diffuse H I gas that does not participate in shielding, and we compare the predictions to our observations. As discussed by S14, for a single optically thick uniformdensity two-sided slab irradiated on both sides by an isotropic far-UV flux, the total H I shielding column density is given by
In this expression, σ g ≈ 1.9 × 10 −21 Z ′ cm 2 is the dustabsorption cross section over the Lyman-Werner photodissociation band, and αG is the dimensionless ratio of the lineshielded dissociation rate to the H 2 formation rate. For a cold neutral medium (CNM) that is in thermal and pressure balance with a warm neutral medium (WNM), αG ≈ 2.6 (S14, Bialy & Sternberg 2016) . For this typical αG value, the H I shielding column is
or in terms of mass surface density,
including the contribution of Helium. We stress that Eqs. (4 & 5) apply only for single clouds, whereas on the coarse resolution of extragalactic observations (typically hundreds of parsecs) the ISM should include several molecular clouds, and potentially also diffuse H I gas that does not contribute to shielding. Let A c be the average size of atomic-molecular complexes (i.e., of molecular clouds and their H I shielding envelopes), n c the number density of such complexes in the galaxy, H the galactic scale height of molecular gas, and N H I,diff the column density of diffuse H I gas that does not participate in shielding. Assuming that the telescope beam is large compared to cloud radii and separation length, the observed H I surface density is
where f A ≡ n c Hϕ g A c is the total area filling factor of molecular clouds (with their H I envelopes) in the telescope beam, and ϕ g is a geometrical factor of order unity (ϕ g = 1 or 2 for two-sided slabs or thin spherical H I shells, respectively). Substituting Σ H I,sh from Eq. (5) we get
where
is the total mass residing in the diffuse non-shielding phase relative to the total mass in the shielding envelopes of molecular clouds. An inverse 1/Z ′ trend for the maximal H I column is naturally produced if f A and φ diff are independent of metallicity. This is in agreement with the observations within the uncertainty (see the right-hand panels of Figure 3) . If the CNM and WNM phases are associated with the H I shielding envelopes and the diffuse gas respectively 6 , then the roughly unity WNM-to-CNM ratio observed in the solar neighborhood (Heiles & Troland 2003) constrains φ diff ≈ 1 and consequently (with Eqs. 2 & 8), f A ≈ 1. That is, molecular clouds (with their H I envelopes) have an area covering fraction of order unity over the metallicity range, Z ′ ≈ 0.3 − 2. The 1/Z ′ trend may also be obtained for non-constant f A and φ diff . However, this seems unlikely as it requires f A and φ diff to be fine-tuned such that the product f A (1 + φ diff ) remains independent of metallicity.
The observed flattening of Σ H I at low Z ′ 0.3 (seen in Figure 3 ) suggests that at low metallicities, f A decreases with decreasing metallicity (φ diff alone cannot explain this trend as the term (1 + φ diff ) in Eq. 8 must be ≥ 1). This may indicate that molecular clouds are becoming less frequent (smaller n c in Eq. 6) or having smaller areas (A c ) as the metallicity decreases below Z ′ 0.3.
Observational Constraints on the H I Saturation
We face the problem that the exact values of f A and φ diff , and their dependence on spatial scale and metallicity are not well known. Above we state the minimal requirements for f A , φ diff , and Σ H I at cloud-scale to explain the observed trend. Here we note that potentially all parameters may vary with measurement scale and metallicity (at least when contrasting small, metal poor and massive, metal rich galaxies).
Measurement scale: As discussed in § 3.2, the H I saturation values at low metallicity are uncertain and may represent lower limits to the true saturation values as the curves in Figure 3 do not show a clear turnover. The only high resolution observations of H I at low metallicity are available for the Small Magellanic Cloud (SMC; Z ′ = 0.2). Roman- Duval et al. (2014) measure Σ H I ≈ 70 M ⊙ pc −2 at 45 pc scales. This is a factor ∼ 2−3 larger than our measurement of Σ H I ≈ 20−30 M ⊙ pc −2 at ∼200 pc scales. It is expected that molecular clouds are unresolved at 45 pc (Muller et al. 2010; Fukui & Kawamura 2010; Schruba et al. 2017) , which together with f A < 1 (see below) implies that our measurements of Σ H I at 200 pc in low metallicity galaxies are not primarily driven by Σ H I,sh but are sensitive to
Sizes of atomic-molecular complexes: The contribution of Σ H I,sh relative to Σ H I,diff to the observed Σ H I is set by the term f A (1 + φ diff ) in Eq. 8 and is driven by two factors: On the one hand, dwarf galaxies typically have low SFR surface densities (e.g., Bigiel et al. 2010; Schruba et al. 2012 ) which for a normal molecular cloud population implies a smaller number density of clouds (n c ). On the other hand, the cloud mass function of dwarf galaxies is shifted to and truncated at smaller cloud masses as compared to massive galaxies (Hughes et al. 2016 , but also see Fukui & Kawamura 2010) which implies a larger n c . These two trends at least partially balance one another, though an overall reduction of f A with deceasing metallicity seems plausible (i.e., the drop in SFR surface density is larger than the shift of the cloud mass function).
Mass balance of shielding versus diffuse atomic gas: Observations of the solar neighborhood show that the mass ratio of CNM-to-WNM is about unity (Heiles & Troland 2003) . Warren et al. (2012) spectrally decompose H I emission maps of 27 nearby dwarf galaxies, and find the CNM to contribute ∼20% of the total line-of-sight flux when detected (at ∼200 pc scales), and to contribute less to the global emission. If the diffuse and shielding phases are related to the WNM and CNM phases, this implies that φ diff increases and f A decreases with decreasing metallicity.
In summary, the trends in f A and φ diff with spatial scale and metallicity that are required to explain the observed metallicity dependence in the H I saturation value are in good agreement with observations. However, higher resolution H I observations, independent measurements of the CNM/WNM balance and the size of atomic-molecular complexes, and larger statistics are required to robustly determine the relative contribution of the various effects that control the H I-to-H 2 transition at very low metallicity (Z ′ < 0.3).
SUMMARY
We investigate the metallicity dependence of the maximal H I surface densities in star-forming regions of 70 nearby galaxies at spatial scales of 1 kpc to 50 pc. To do this, we compile maps of H I and SFR tracers (FUV and 24 µm), as well as measurements of stellar mass, gas phase metallicity, and their gradients from the literature (Table 1) . Our galaxies cover a wide range in stellar mass (M ⋆ ≈ 10 6 − 10 11 M ⊙ ), atomic gas mass (M H I ≈ 10 6 − 10 10 M ⊙ ), star formation rate (SFR ≈ 5×10 −5 − 4 M ⊙ yr −1 ), and metallicity (Z ′ ≈ 0.05 − 2) relative to solar. We perform our analysis adopting the literature metallicities (derived with two different methods) as well as rescaled metallicities that match the mass-metallicity relation determined by Andrews & Martini (2013) for SDSS galaxies employing metallicities derived with the direct electron temperature method. The results agree within the uncertainties. We bin our sample of 675,000 individual lines of sight by galactocentric radius, local metallicity, and total gas surface density. Our main results are:
• The H I surface density saturates at large total gas columns. The maximal values are significantly anticorrelated with gas phase metallicity in a roughly linearly inverse relationship. A power law fit over Z ′ = 0.3 − 2 has slope of −0.86 ± 0.19 and intercept of
−2 on scales of 200 pc.
• The maximal H I surface densities show little variation with spatial resolution (over 0.1 − 1 kpc scales), galac-tocentric radius, and between galaxies; with the exception of the central parts (R gal 2 kpc) of massive spiral galaxies that frequently have a depression of H I gas by a factor ∼2 as compared to the H I columns in their disks.
• The ∼1/Z ′ dependence of the H I saturation columns observed at Z ′ = 0.3 − 2 is in good agreement with predictions of analytic theories of the H I-to-H 2 transition by Krumholz et al. (2009); McKee & Krumholz (2010) ; Sternberg et al. (2014) and Bialy & Sternberg (2016) that motivate (dust) shielding from dissociating radiation as a prime requirement for molecule formation and survival.
• At low metallicity (Z ′ < 0.3) the observed flattening at Σ H I ≈ 20−30 M ⊙ pc −2 can be reproduced by the models when the area covering fraction of molecular clouds and their atomic envelopes decrease while the diffuse H I gas may dominate over the H I gas in shielding layers. Observational constraints of these parameters remain sparse but those available are consistent with the required trends.
Observational studies of the H I-to-H 2 conversion employing large statistics are (slowly) emerging. In particular observations of high spatial resolution at the scale of molecular clouds are an asset which thus far are only available for galaxies in (the vicinity of) the Local Group. Furthermore, robust measurements of total gas columns are desired, which may be accessible from optical or near infrared stellar extincting mapping. This would allow to search for (secondorder) dependencies of the H I saturation values in excess of gas phase metallicity: e.g., radiation field strength and gas volume density as proposed by shielding-based theories, but also midplane pressure, self-gravity on small scales, or the stochasticity of the H I-to-H 2 conversion in (low mass) systems where equilibrium-based models no longer apply.
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